Introduction
While much of the early work pertaining to imaging single molecules in cells has been performed in mammalian cells, a growing amount of the singlemolecule studies have begun to be performed in bacterial cells. Part of the allure of developing single-molecule techniques in bacteria, and in particular the Gram-negative bacteria Escherichia coli, is to be able to draw on the vast knowledge of these model organisms in designing experiments and interpreting results. Imaging single molecules in small bacterial cells does present technical challenges. Their small size requires higher observation rates as fast diffusing molecules tend to reach the boundaries of the cell in a short time [1] . Furthermore, single-molecule imaging of membrane-bound molecules requires an analysis that is mindful of the curvature of the outer envelope. As technology advances, such difficulties lessen and the advantages of the use of model organisms become more attractive. This review will look at single-molecule imaging in live cells with an emphasis on the use of this technique in model bacterial cells, such as E. coli. This review will not try to be comprehensive, but instead give an overview of the breadth of single-molecule research in bacteria. The review will look at techniques used to image single molecules, and then look at some of the results that have been published regarding mobility and interactions measured in live cells with single-molecule sensitivities. Note that this review will mostly limit its scope to single-molecule imaging experiments performed in bacterial cells, and as such not mention much of the wide range of beautiful single-molecule experiments performed in eukaryotic cells and the seminal works performed in vitro on molecular motors, DNA mechanics, single-molecule bonds, protein folding/unfolding, etc.
A brief history of single-molecule imaging
The era of single-molecule experiments began in 1970 when Ehrenstein, Lecar and Nossal displayed the first, to our knowledge, trace of the discrete opening and closing of individual ion channels when they doped lipid bilayers with 'sufficiently small amounts of excitability-inducing material'. As is stated in this publication, ' . . . we report on properties of membranes with two, three, and five levels. If membranes have individual channels that can be open or closed, the corresponding number of channels are one, two, and four' [2, p. 123] . With this, the deterministic world of analysing the trajectory of the mean of an ensemble was supplemented with the probabilistic world of observing individual molecular events.
Direct single-molecule imaging experiments began with the seminal work of Moerner & Kador in 1989 [3] , where single molecules of pentacene were observed in a solid p-terphenyl crystal at liquid-helium temperatures. This work showed that the actual observation of single molecules was possible. Over the next few years much progress was made. Single, immobilized, fluorescent dye molecules were first observed at room temperature under ambient conditions using near-field optical techniques in 1993 [4] . In 1996, the first wide-field imaging of single dye molecules labelling lipids in a fluid bilayer was achieved [5] .
Around the same time, another approach was being employed to view molecular motions. Building on earlier techniques, gold nanoparticles were used to label single (or few) molecules and were observed in contrast enhanced brightfield microscopy [6, 7] . While criticized for the size of the label (compared with the size of a protein) and for its possible multivalancy, these probes were much easier to image and allowed early work to extend the frequency of observation to several orders-of-magnitude higher than has yet been achieved by fluorescence labelling [8] .
In general, early work in single-molecule imaging in live cells began with imaging in mammalian cells. Several reasons for this include not only the obvious direct relation between such cells and studies of human health but also technical reasons. Many standard, immortalized mammalian cells can be plated onto a coverglass and will grow into large (sizes approx. 20 mm), relatively flat, 'pancake-like' forms. This facilitated the use of advanced microscopy techniques such as total internal reflection fluorescence (TIRF) microscopy to reduce background, and thus enhance detection of dim single fluorescently labelled molecules in or near the flat membrane. As detection sensitivity increased through better camera sensors and imaging techniques, the need for ideal substrates was relaxed. Furthermore, the observation rate increased allowing high-speed imaging of single fluorescent molecules in live cells.
Single-molecule techniques (a) Microscopy
By far, most techniques developed for performing single-molecule imaging experiments in live cells employ some variant of light microscopy (figure 1). Many single-molecule studies, both in vitro and in vivo, use TIRF microscopy, where an illumination laser is brought to the glass -media interface at an angle greater than that required for total internal reflection. This produces an evanescent field in the media that exponentially decays over approximately 100-200 nm. However, the small, highly curved form of most bacteria precludes the use of TIRF microscopy owing to its limited depth of illumination.
For bacteria, usually a laser-based epi-illumination scheme is employed. Some alter the beam entering a TIRF microscope set-up such that the illumination beam is slightly outside the condition required for total internal reflection, thus illuminating the cell at a high angle [9, 10] . This allows for full illumination of small cells such as bacteria and also rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120355 allows for illumination of the apical membrane of larger eukaryotic cells without exciting excess fluorescent matter in the sample volume above the cell.
A technique that is being recently employed to many different systems is that of single-molecule localization or 'super-resolution' microscopy, where the high localization accuracy of single-molecule imaging [11] is exploited to build, over time, an image that seems to break the resolution limit. Among these techniques are stochastic reconstruction microscopy (STORM) [12] , photoactivated localization microscopy (PALM) [13] and fluorescence PALM [14] . These techniques rely on the ability of certain fluorescent probes to be activated or re-activated by a pulse of light (see §3b). Overly labelled structures can be outlined by selective (though random) (re-)activation of a sparse number of the labels. These probes are imaged until bleached and a subsequent pulse turns on another random small set of probes. During each imaging phase, the centres of the well-spaced probes can be determined to a precision much greater than the resolution of the microscope. The image is built from a construction of the positions of the centres of the probes after many cycle of activation/ image/bleach.
(b) Probes
The most common probes in single-molecule imaging are fluorescent dyes/fluorescent proteins, though nanoparticles such as quantum dots and even small colloidal gold and latex particles have been used (figure 1).
For labelling of externally expressed molecules such as on the outer leaflet of the outer membrane of Gram-negative bacteria, bath application of antibodies or ligands with attached synthetic dyes or nanoparticles can be used. This allows for a great range of dye characteristics to be specifically chosen for a specific experiment (i.e. excitation/emission wavelengths, brightness, photostability, etc.). For labelling of cytoplasmic molecules (or cytoplasmic domains of membrane molecules), one usually defaults to employing fluorescent proteins [15] as the label of choice. Fluorescent proteins have the advantage that they may be directly linked to the protein under consideration, and its expression can be finely controlled genetically. Currently, the range of characteristics available for fluorescent proteins, though more limited than that for synthetic dyes, is still large enough for their widespread use in both single-molecule and bulk multi-colour imaging.
Photoactivatable (or re-activatable) and photoswitchable fluorescent dyes and proteins are key to many localization microscopy techniques [16] and have recently found use in classic single-molecule imaging experiments. Photoactivatable dyes allow for activation or re-activation after photobleaching when excited by a specific wavelength usually different from their fluorescence excitation maxima, usually in the UV region of the spectrum. Photoswitchable dyes switch between two or more states with different excitation/emission profiles. Such dyes allow for over-labelling or expression since the experimenter has control of turning a small portion on when desired. While being used extensively in localization microscopy techniques, they are being used in traditional single-molecule imaging studies in bacteria where overlapping of the point-spread function of probes can become a difficulty at even small probe numbers in the confined space of the bacteria.
(c) Analyses
Central to most single-molecule imaging techniques is the ability to localize the position of a single molecule in an image obtained from the microscope. It has been shown that, given enough photons above background noise, a single molecule can be localized to nanometre precision [11] . After localization, either an image is developed as in localization microscopies or the dynamics of the molecule is tracked between subsequent frames of a video of the dye's motion.
Analysis of single-molecule motions is more complicated in the small, highly curved bacteria cell. Perhaps the best method at present to analyse the motion of molecules in either the membranes or cytoplasm of a small bacteria cell is through comparison with computer simulations of such motion, to remove effects of confinement to the cell surface/interior [9, 17] . As experiments continue to test more complicated interactions between molecules within bacterial membranes and in the cytoplasm, it is expected that the use of more sophisticated simulations will be required to understand the measured results.
Mobility in bacteria
It is interesting to note that one simplification that arises with the use of bacteria as a model cell type is that owing to the small size of bacteria cells, molecules find each other through simple random walks in either the twodimensional membranes or the three-dimensional cytoplasm, without the need to have developed active transport systems such as have been developed by cells from higher organisms. Thus before one expects to understand interactions in bacteria, one must first look at molecular mobility in the membranes and cytoplasm.
(a) Outer bacterial membrane
The study of the mobility of membrane proteins in E. coli began with imaging the diffusion of outer membrane proteins, most probably owing to the ease of access to their extracellular domains for labelling. The outer membrane of Gram-negative bacteria presents an interesting and unique bilayer consisting primarily of phospholipid and lipopolysaccharide in its inner and outer leaflet, respectively [18] . The outer membrane acts as the first barrier between the cell and the environment and as such plays critical roles in protecting the cell, in detecting its environment and in scavenging scarce nutrients. Many outer membrane proteins contain a b-barrel membrane spanning region in order to allow passage of small molecules into the periplasm where they can access the inner membrane [19] .
The earliest study of outer membrane protein mobility was performed by Oddershede et al. [20] , observing the diffusion of l-receptor (LamB), the maltodextrin transport channel in E. coli, using single-particle tracking in conjunction with a weak optical trap. The local short-time diffusion coefficient for the l-receptor was measured by attaching a 530 nm microsphere to the protein, and imaging the probe's motion at 25 Hz in the presence of weak laser optical tweezers. They found a short-time diffusion coefficient of 0.15 + 0.10 mm 2 s
21
. In the absence of the laser trap, no long-range rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120355 motion was observed. Instead, the l-receptor displayed confinement in a region of diameter 29 nm. In 2004, Gibbs et al. [21] also looked at the mobility of the l-receptor employing 20-nm diameter gold labels imaged at 1 Hz. In this study, Gibbs et al. classified the motion of the l-receptor into two populations, a slow (approx. 60%) and a fast (approx. 40%)-moving population. The slow population displayed confinement in domains of size 20 -50 nm for the entire 5 min of observation, consistent with the findings of Oddershede et al. [20] . The faster population made excursion of 100 -300 nm during the 5 min of observation, implying a long-time diffusion coefficient of 10 -4 -10 -5 mm 2 s -1 .
Recently, our group published a study of the diffusion of the outer membrane cobalamin receptor, BtuB, and the outer membrane pore, OmpF, which are implicated in the dynamic formation of a translocon for the bacteriotoxin colicin E3 [10] . In this, BtuB and OmpF were labelled by fluorescently tagged polyclonal antibodies to the outer membrane proteins and imaged at 40 Hz. The diffusion coefficients of antibody labelled BtuB and OmpF were measured to be 0.05 + 0.01 and 0.006 + 0.002 mm 2 s -1 , respectively (figure 2). Furthermore, a mutation to BtuB to hinder its interaction with its cytoplasmic membrane protein partner, TonB, increased the (b) Inner bacterial membrane
The inner or cytoplasmic bacterial membrane is a regular phospholipid-based membrane, unlike the outer membrane. It is in close contact with both the periplasm and the cytoplasm and as such has a role in material transport into/out of the cell interior. The inner membrane contains proteins involved in small molecule transport, protein translocation and other membrane-bound processes [19] . [17] . Therefore, freely diffusing PleC-EYFP molecules were measured to diffuse with a diffusion coefficient of 0.012 + 0.002 mm 2 s -1 . Leake et al. [22] , as part of a study on the turnover of the flagella motor proteins (see also §6), determined the diffusion coefficient of the flagella motor protein MotB labelled by green fluorescent protein (GFP). In that study, the diffusion coefficient of free MotB-GFP (i.e. outside the motor complex) was found to be 0.0088 + 0.0026 mm 
(c) The cell cytoplasm
The cell cytoplasm is the inside of the cell and it contains a highly crowded [24] and heterogeneously distributed set of proteins, ribosomes, RNA and DNA. In this environment, molecules find each other to perform tasks simply through diffusion in bacteria, unlike in some larger cell types where active transport is used. As such, it is important to understand how proteins diffuse in the cytosol in order to understand reaction kinetics inside cells. While earlier studies have looked at the mobility of proteins in the cytoplasm of E. coli and other bacteria using bulk techniques, such as fluorescence recovery after photobleaching (FRAP), recent advances in high-speed low-lightlevel video microscopy now allow direct imaging of the motion of individual molecules in the three-dimensional cytoplasm of the cell. For comparison, FRAP studies found that the diffusion coefficient of a fluorescent protein expressed in the cytoplasm of E. coli ranged from 6 to 14 mm 2 s -1 which is an order-of-magnitude below the diffusion coefficient of GFP in pure water, 88 mm 2 s -1 [25] .
The earliest single-molecule study of diffusion in a bacterial cytoplasm looked at the mobility of the cytoplasmic structural protein MreB labelled with yellow fluorescent rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120355
protein (YFP) in C. crescentus [26] . Using an observation rate of 65 Hz and correcting the results for the shape of the C. crescentus cells, Kim et al. [26] found that the MreB-YFP construct had a diffusion coefficient of 1.75 + 0.17 mm 2 s -1 . MreB-YFP was also found to undergo simple Brownian motion over the observation time. Niu & Yu [27] looked at the mobility of another bacterial structural protein, the tubulin homologue FtsZ tagged with the photoactivatable fluorescent protein dendra2. FtsZ-dendra2 in E. coli could be separated into a significant sized immobile fraction, most probably involved in Z-ring formation near the cell centre, and a mobile fraction. The mobile fraction was found to travel throughout the cell but was restricted to a helical path. The movement was analysed in terms of anomalous sub-diffusion with a time dependence of the mean square displacement that scales as time to the power 0.74. Niu for the photoactivatable fluorescent protein Kaede in the E. coli cytoplasm at 250 Hz. They used the localization microscopy technique of PALM to determine the shape of the cells and investigated the spatial dependency of the diffusion rate in the cytoplasm. They showed that while the distribution of Kaede is relatively homogeneous, the mobility of free diffusion is lower in the ribosome-rich region between nucleoid lobes especially in longer cells, which are probably in a later stage of their cell cycles.
We recently published the full mean square displacement versus time plot for the diffusion of free GFP in the E. coli cytoplasm from 1 ms to 0.2 s [9] . This was done by performing tracking at observation rates of 60, 120, 260, 400 and 1000 Hz and 'stitching' together the full plot (figure 3). Analysis was done through comparison with simulations of diffusion in model E. coli shells whose size was distributed as those used in the actual experiments. We found that the entire curve could be simulated assuming that the GFP molecules underwent simple Brownian motion at all time scales above 1 ms with an actual diffusion coefficient of 5.6 mm 2 s -1 , where the curvature seen in the mean square displacement was entirely accounted for by the geometry of the cells. Thus, at time scales over 1 ms or, equivalently, length scales over approximately 100 nm, a free GFP molecule 'sees' the cytoplasm of E. coli as a simple fluid with no internal structure in our study. Below this time scale, one must expect the granularity of the cytoplasm coupled with possibly short-time non-specific interactions is the reason for the 10-fold reduction in the diffusion coefficient of GFP in the cytoplasm compared with that in pure water. Also in the cytoplasm, several groups have looked at the mobility of regions of the DNA in live E. coli. Notably, Elmore et al. [30] used a GFP fusion to the Lac repressor to bind the DNA near the oriC site and monitored its mobility using time-lapse imaging. They found, after correction for expansion due to cell growth, that the diffusion coefficient for oriC was only 4.3 + 2.6 Â 10 25 mm 2 s -1 on minute time scales though one might expect much higher mobility on shorter time scales. Espeli et al. [31] viewed the mobility of several chromosomal loci throughout the cell cycle using time-lapse microscopy as well. The loci studied were distributed throughout the chromosome such that each of the four macrodomains (Ori, Ter, Right and Left) and the two nonstructured regions (NSR and NSL) of the E. coli chromosome were sampled. They found loci in the macrodomains had an average diffusion coefficient of 1-2 Â 10 24 mm 2 s -1 while those in the non-structured region had a diffusion coefficient of 4 Â 10 24 mm 2 s -1 on a tens of seconds time scale [31] .
Localization microscopy imaging in bacteria
Localization microscopy imaging has been performed to image the distribution of parts of the E. coli chemotaxis network, specifically, the aspartate chemoreceptor Tar labelled with monomer Eos (mEos), the chemotaxis adaptor protein CheW labelled by tandem-dimer Eos (tdEos)and the response regulator CheY labelled by tdEos [32] . Using the technique of PALM, the authors mapped out a total of 1.1 million individual proteins on 326 cells! From this immense amount of information, they analysed clustering of the protein and concluded that the cluster arose from stochastic self-assembly, implying Figure 3 . Averaged mean square displacement of free GFP in the cytoplasm of E. coli. The full plot was obtained by aligning the first 10 time delays obtained at five different time resolutions (60, 120, 260, 400, 1000 Hz in black, red, green, blue, cyan, respectively). Representative trajectories at each time resolution are also shown in black, red, green, blue, cyan, respectively. These trajectories show the locations of the GFP molecule in each frame at the frame rates shown. The effect of the confinement inside the cell boundaries can be seen in the fact that the step size does not scale with imaging rate as expected for unrestricted Brownian motion [1] . The entire curve could be simulated by only assuming that the GFP molecules underwent simple Brownian motion at all time scales above 1 ms confined in model E. coli shells whose size was distributed as those observed in the actual experiments.
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that the complex, approximately periodic structures can be created and maintained in biological membranes without direct attachment to a cytoskeleton or using active processes. More recent work in localization microscopy has looked at the distribution of nucleoid-associated proteins (NAPs) in C. crescentus [33] and E. coli [34] cells. Using the natural blinking of the fluorescent protein EYFP under high-intensity illumination bound to the protein HU, the most abundant NAP, the Moerner group showed that HU was mostly uniformly distributed throughout swarmer and stalk cell stages with clustering found at the midplane of nascent daughter pre-divisional cells in C. crescentus [33] . The Xie and Zhuang groups employed the photoactivation of mEos2 tagged to several major NAPs to investigate the organization of the chromosome in E. coli using the three-dimensional STORM technique. The distribution of most of the NAPs observed was essentially uniform throughout the nucleoid region, including HU as seen in C. crescentus, with the exception of the global transcription silencer, H-NS, which was found to be highly clustered in two clusters per chromosome [34] .
Another recent application of localization microscopy in live C. crescentus has provided clear three-dimensional images of the Z-ring of the tubulin orthologue, FtsZ [35] . These images clearly show the doughnut-shaped ring of FtsZ molecules in stalked cells with an internal opening of diameter approximately 150 nm and roughly symmetrically constricted Z-ring in pre-divisional cells with no internal opening and an overall diameter of only 150 nm. Furthermore, owing to the rapid turnover of FtsZ molecules in the ring, the depolymerization rate could be directly estimated by measuring the average time of viewing individual fluorophores in the ring (which was much slower than the measured bleaching rate in fixed cells).
Stoichiometry and turnover
The Leake group has led the way in determining the structure and dynamics of clusters of molecules in live bacteria. As an example, in Leake et al. [22] the dynamics of the flagella motor protein MotB labelled with GFP in the motor complex was monitored through localized FRAP and fluorescence loss in photobleaching (FLIP) measurements with single-molecule sensitivity. By directly watching the photobleaching of a single motor complex, they found that 22 + 6 copies of MotB-GFP were incorporated in the motor as had been expected. Furthermore, through monitoring the loss/gain of fluorescence between two motor complexes after one was photobleached, and measuring the diffusion coefficient of free MotB-GFP outside the complexes (0.0088 + 0.0026 mm 2 s 21 ), they calculated the turnover rate of MotB-GFP to be 0.04 + 0.02 s
21
. More recently, Reyes-Lamothe et al.
[36] used these techniques to investigate the architecture of the DNA replisome, where they analysed the stoichiometry of 10 different protein components in the active replisome in live E. coli.
Similarly, Lia et al. investigated the active DNA replisome in live E. coli. In this study, a stroboscopic illumination was used to limit photobleaching and hence enable the direct imaging of longer-time polymerase exchange dynamics at the replication fork. Specifically, they showed exchange of the core polymerase Pol III in the replisome in vivo and determined the rates of exchange. Furthermore, by dual labelling a component of Pol III and the single-strand binding protein (SSB), they could show a coincidence between Pol III binding and SSB fluctuations implying that the Pol III exchanged is the one synthesizing the lagging strand.
Imaging gene expression
In a pair of landmark papers, the group of X. Sunney Xie took single-molecule imaging in bacteria in the direction of looking directly at cellular processes, in particular at gene expression and enzyme activity.
In Yu et al. [37] , gene expression was directly monitored by placing a construct of the transmembrane serine chemoreceptor Tsr coupled to the fast-folding variant of YFP, Venus, behind the lac promoter (replacing the native lacZ gene) on the E. coli genome under low expression rate conditions. Here, the membrane-bound Tsr -Venus construct was used simply as an easy to localize probe for measuring protein production at the single-molecule level. The study shows conclusively that proteins are produced in bursts from the lac operon. Analysis further showed that the each protein burst originated from a single mRNA that was randomly transcribed.
In Cai et al. [38] , the product of an enzymatic reaction was monitored in order to quantitate gene expression and protein production. Combining microfluidics with single-molecule imaging, the production of fluorescein from fluoresceindi-b-D-galactopyranoside by the enzyme b-galactosidase (b-gal) was employed as a monitor for translation of b-gal (which was also placed after the lac operon).
These two papers demonstrated that single-molecule, single-cell biology and enzymology in the model-system of E. coli (and in yeast as well) was possible.
The future
This review has tried to give an overview of the breadth of work that has been performed in bacteria at the singlemolecule level. We have shown that single-molecule experiments in bacteria have certainly overcome the technical difficulties associated with the size and structure of bacteria. Above are examples of determining mobility in membranes and the cytoplasm, determining localization precisely, determining numbers of proteins in complexes and measuring cluster dynamics and the ability to quantify gene expression all in model bacterial systems. We are now in an era beyond the novelty of the technique (i.e. the era showing what experiments are possible) and the technique is a tool in the researcher's bag to be applied to understanding fundamental biological questions from the point of view of the individual molecules.
As an example of such an application where singlemolecule techniques have been applied to understanding a fundamental question in biology that is hard to access through bulk techniques, the Elf group has very recently published a study directly determining the method through which a transcription factor searches for its binding site on DNA in live E. coli [39] . In brief, by labelling the lac repressor LacI with YFP, they could image the binding of individual LacI-YFP to the lac operator site, allowing them to test whether the lac repressor used a combination of three-(cytoplasmic) and one-dimensional (along the DNA) diffusion, known as facilitated diffusion, to find its binding site. After confirming that LacI-YFP did use facilitated diffusion, they went on to determine the number of base pairs on average LacI-YFP slid along the DNA before binding. This demonstrates the power of combining the single-molecule technique with one of the most-studied model organisms. True tests of basic, fundamental questions in biology can be performed.
Along the same idea, our group is currently using singlemolecule techniques in E. coli to unravel the dynamics and interactions of molecules involved in signal transduction in two-component regulatory systems and to look at the molecular interactions required in the transduction of energy from the inner to the outer membrane in some transport systems.
For the future, we expect that applying single-molecule techniques to understand long-standing questions in biology (and new questions also) using well-characterized model cells such as E. coli will make great advances and, hopefully, pose new questions that have not yet been thought of.
